Unit formation can be regarded to be a major function in the organization of perceptual information. Gestalt psychology (Koffka, 1935; Wertheimer, 1923) originally demonstrated that the association of distinct elements into groups is subject to a set of basic principles (e.g., similarity, closure, and proximity), which are regarded as primary operations forming perceptual units prior to detailed analysis. In contrast, constructivist approaches assume that visual perception proceeds from the analysis of elementary features and progresses by the integration of features into coherent objects, which involves visual attention (Treisman & Gelade, 1980) . Psychophysical investigations in support of a constructivist position have identified a number of visual primitives, organized in terms of separable dimensions of such basic features (e.g., luminance, color, or orientation; see Treisman & Gormican, 1988; Wolfe, 1998; Wolfe & Horowitz, 2004) .
Besides basic primitives, visual processing of more complex units has been documented, with unit formation operating in an effortless manner. Support for this idea is provided by evidence that perceptual configurations may be detected more efficiently than their isolated features (Pomerantz, Sager, & Stoever, 1977 ; see also Treisman & Paterson, 1984) . In addition, visual search studies have shown that component parts may be grouped prior to the engagement of attention (e.g., Moore & Egeth, 1997; Rensink & Enns, 1995) , and that search may be more effectively guided by integrated shapes than by corresponding local features (Found & Müller, 1997) . Moreover, there is evidence that early visual, or preattentive, processes operate on the basis of a variety of grouping principlesnotably, similarity (Duncan, 1984; Duncan & Humphreys, 1989; Humphreys, Quinlan, & Riddoch, 1989) , closure (Elder & Zucker, 1993; Han, Humphreys, & Chen, 1999a; Kovács & Julesz, 1993) , and proximity (Han, Humphreys, & Chen, 1999b) . These studies complement those in which the primitive features have been described by showing that complex visual units are, at least to some extent, available at early stages of processing.
In general, models of perceptual grouping assume that element integration is achieved on the basis of similarity and proximity, segregating distinct regions within the visual field (e.g., Geisler & Super, 2000) . Moreover, collinearity and closure supply critical information for shape extraction, supporting the separation of figure from ground (e.g., Elder & Zucker, 1993; Field, Hayes, & Hess, 1993; Kovács & Julesz, 1993) . Visual search studies have demonstrated that the integration of separate collinear vertices into closed forms permits efficient processing, whereas groupings that do not exhibit closure are processed relatively inefficiently (Donnelly, Humphreys, & Riddoch, 1991; Donnelly, Weekes, Humphreys, & Albon, 1998) . For instance, search for a misoriented vertex element was performed efficiently and independently of the number of 1
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Grouping operations offer an effective mechanism by which to structure complex visual scenes. among the various principles that support element integration, closure may be regarded as a main factor in shape extraction. in five experiments, we investigated the impact of grouping by closure on search for target configurations made up of collinearly arranged corner junctions. systematic variations in the configuration of distractor elements were explored to investigate how the figural information of distractors interferes with target detection. the results showed no search interference for distractor configurations that were open forms. By contrast, distractors making up closed forms reduced the efficiency of search performance, indicating closure as a major contributor to form detection in multielement configurations. in conclusion, the effects reported may be considered to arise from mechanisms of unit formation that support the rapid extraction of salient regions to guide search.
distractor vertices when the distractor elements could be grouped on the basis of collinearity and closure to form a coherent shape description. In contrast, when the distractor vertices could not be integrated on this basis, search was slow, with reaction time (RT) increasing as a function of the number of distractor junctions.
Basic grouping operations are conceptualized as processes that operate on separate elements with the aim of integrating component parts into coherent wholes. In addition, certain configurations may be interpreted by the visual system in such a way that the resulting unit does not simply represent the compound of related elements linked together by Gestalt operations but defines a qualitatively different illusory figure. Figure 1 contrasts examples of such an illusory figure ( Figure 1A ; Kanizsa, 1955) with a corresponding grouping that integrates separate elements on the basis of collinearity and closure only ( Figure 1B) . Whereas Figure 1A appears as a bright central square exhibiting sharp boundaries, Figure 1B does not, in general, support a corresponding interpretation. 1 Studies in which visual search for illusory figures has been investigated have thus far led to equivocal interpretations with regard to the stage at which illusory figures are completed. Whereas some authors have proposed that search is based on preattentive completion of illusory contours (Davis & Driver, 1994) , others have argued that there is no definite evidence to support the idea that Kanizsa-type figures are detected in parallel (Grabowecky & Treisman, 1989; Gurnsey, Poirier, & Gascon, 1996) . Follow-up investigations (Conci, Müller, & Elliott, 2006) have shown that surface specifications in distractors influence search for an illusory target figure, whereas contour specifications have little direct effect on target detection. These conflicting findings and viewpoints suggest that only certain figural attributes are coded for search. The specification of surface information may be such an attribute in visual search for a Kanizsa figure ( Figure 1A ). However, basic principles of grouping may be equally effective in providing information to guide search, without involving the formation of an illusory figure. For example, specifications of collinearity and closure may supply information supporting efficient detection of the (target) figure illustrated in Figure 1B .
To examine whether closure influences target detection, a series of visual search experiments were conducted. ob-servers had to report, as rapidly and accurately as possible, the presence or absence of a closed target square (as illustrated in Figure 1B ) among different types of distractor configurations composed of similar corner junctions. The distractor configurations were systematically varied in the degree to which closure could serve as a grouping cue. This permitted exploration of whether systematic variation of distractor closure would lead to interference in search for a target configuration exhibiting closure (cf. Duncan & Humphreys, 1989) .
In Experiment 1, we compared the efficiency of detecting a target square formed by four collinearly organized junctions among similarly organized open-and closedform distractors (see Figure 2A for the two distractor types and Figure 2B for an example search display). The results revealed that only closed-form, but not open-form, distractors, produced systematic interference (in terms of a slowing of search rates), suggesting that closure influences search efficiency. In Experiment 2, we examined the effect of reducing the physical specification of the junction elements, thereby weakening the degree of closure afforded by collinear junctions (see Figure 2C for an example search display). The reduction in element specification produced a general slowing of the search rates, which was, however, more marked with closed-than with open-form distractors. In Experiment 3, we introduced the reverse manipulation: presentation of additional perpendicular lines that terminated adjacent to the continua formed between collinear junctions, potentially enhancing closure (see Figure 5 ). As a result, both open-and closed-form distractors were found to interfere with target detection-with larger interference, however, for closed-than for open-form distractors. These findings again point toward a specific role for closure in search. Experiment 4 was conducted to rule out the possibility that the effects observed in Experiment 1 were simply due to differences in overall size between the target and the distractor configurations. Despite controlling for size (by standardizing the outline dimensions of the target and distractor configurations; see Figure 7A -II), Experiment 4 revealed a pattern of interference effects nearly identical to that in Experiment 1. This supports an interpretation of this pattern in terms of closure, rather than outline size, of the distractor configurations. Finally, Experiment 5 was carried out to examine whether or not the effects attributed to closure may be better explained in terms of the similarity between the junction elements making up the target and distractor configurations, with similarity defined in terms of the number of matching element orientations. To test this assumption, in Experiment 5, we examined whether performance differences would be obtained when we varied closure while controlling for similarity. In agreement with Experiments 1-4, detection RTs were longer overall and increased more markedly with display size when closure was not a defining attribute of the target. In sum, all five experiments revealed consistent evidence for closure's exerting a major influence on search for target configurations composed of corner junctions, with search efficiency depending on physical form speci-B A fication and the number of candidate closed forms in the visual display.
EXPERIMENT 1
Experiment 1 was designed to examine whether closure influences search for a collinear target configuration composed of four junction elements arranged to form the corners of a square. The target was presented within search displays that contained distractor configurations composed of similar corner junctions, which were, however, arranged so that they produced either a partially closed form or a corresponding open form (see Figures 2A-I and 2A-II for  examples) . For both types of distractors, the number of collinear junctions increased from zero (common baseline) through one to two [in Figure 2A , the conditions are referred to as D(0), D(1), and D(2), respectively]. The two types of distractor configurations differed in that either both of the neighboring collinear junctions were oriented toward the inside of the configuration (closed-form) or one was oriented inward and the other outward (open form). This manipulation permitted establishing whether a gradual increase of closure would influence (i.e., interfere with) detection of a closed-form target.
Method
Participants. Eight observers (1 of them male, mean age 5 25.5 years) with normal or corrected-to-normal visual acuity participated in the experiment, receiving payment of €8 per hour.
Stimuli. The stimuli were generated by an IBM-compatible PC and were presented in white (1.83 cd/m 2 ) against a black (0.02 cd/ m 2 ) background at eight possible locations on a 17-in. monitor screen. The stimulus configurations were placed on a virtual circle around the screen center, with a radius of 8.75º of visual angle (at a viewing distance of 55 cm). An example display with eight stimulus configurations is shown in Figure 2B . Each configuration, or candidate grouping, was composed of four 90º corner junctions (with junction line segment 1º in length) arranged in a square-like form. As is depicted in Figure 2A , the target (T) was defined by the collinear arrangement of all four corner junctions (subtending 2.9º 3 2.9º of visual angle). In contrast, distractor configurations (D) were produced by rotating junction elements so that each grouping contained only zero, one, or two aligned junction-junction continua (subtending up to 4.9º 3 4.9º when all the junction convexities pointed toward the center of the configuration; see Figure 2A for examples). In this way, two types of distractor configurations were generated: partially closed and partially open groupings (for examples, see Figures 2A-I and 2A-II, respectively). Trial displays could contain one, two, four, or eight candidate groupings (the display size), with each grouping presented in a random orthogonal orientation. on 50% of the trials, a target configuration was present in the display. For displays with fewer than eight candidate groupings, the stimulus positions were chosen pseudorandomly from among the eight possible locations, with the following constraints: For display sizes of two, candidate groupings were presented at diametrically opposite positions only, and for display sizes of four, groupings were presented at every second position of the eight possible locations.
Procedure. Each trial started with the presentation of a central fixation cross for 500 msec. The fixation cross was then immediately replaced by the search display, to which the observers responded with a speeded target-absent/-present response via mouse keys. Displays remained on-screen until a response was recorded. In the case of an erroneous response or a time-out (i.e., after a period of 2,500 msec without reaction), feedback was given by a computergenerated tone, and an alerting message was presented for 500 msec at the center of the screen. Each trial was separated from the next by an interval of 500 msec.
The experiment was conducted over two sessions, each presenting either open-form or closed-form distractors. Each session consisted of 12 blocks of 80 trials, with the number of collinear continuations [D(0), D(1), and D(2)] constant throughout a block. Collinear continuation blocks were administered in pseudorandom order on an observer-by-observer basis. In summary, the independent variables were target (T; present or absent), display size (DS; 1, 2, 4, or 8 configurations), distractor type (DT; open or closed form), and collinear continuations in distractor configurations (CC; 0, 1, or 2 continuations), with 40 trials per condition.
Results
RT analysis. RTs on trials on which a response error was made (2.3%) were removed from the data set prior to RT analysis. Figure 3 presents the mean correct RTs and the proportions of errors as a function of display size, separately for the open-and closed-form distractors (see figure columns A and B, respectively) and the various collinear continuation (i.e., CC) conditions. The whole data set was initially examined by a repeated measures AnoVA with the factors of distractor type, collinear continuations, target, and display size. This AnoVA revealed that all the main effects and interactions, includ- ing the four-way interaction [F(6,280) 5 13.13, p , .001], were significant. next, to decompose the four-way interaction, the data sets for open-and closed-form distractor types were analyzed separately by two AnoVAs with the factors of collinear continuations, target, and dis-play size. For the open-form distractors, the AnoVA revealed that the main effects for target and display size and their interaction were significant [T, F(1,7) 5 20.74, p , .01; DS, F(3, 21) 
. Mean reaction times (RTs, with associated SDs) and error rates in Experiment 1 as a function of display size (DS), separately for open-form (A, left column) and closed-form (B, right column) distractors with zero, one, and two collinear continuations (top, middle, and bottom graphs, respectively). Each graph shows the prototype target (T) and an example of a distractor (D) and plots RTs and error rates separately for target-absent (dotted line, white bars) and target-present (solid line, black bars) trials. In addition, the function for the best-fitting straight line is given for each search RT function, with the search rate and base RT estimates.
than target-absent RTs, and RTs increased as a function of display size, with a somewhat more marked increase for target-absent than for target-present RTs (DS effects of 11.33 vs. 4.67 msec/item). However, despite the significant display size effects, the search rates were within a range taken to be indicative of efficient, parallel search, independently of the number of collinear continuations in the distractor configurations.
By contrast, for the closed-form distractors, the AnoVA revealed that all the effects were significant [T, F(1,7) 5 72.19, p , .001; DS, F(3,21) 5 97.61, p , .001; CC, F(2,14) 5 274.81, p , .001; T 3 DS, F(3,119) 5 64.79, p , .001; T 3 CC, F(2,119) 5 55.49, p , .001; DS 3 CC, F(6,119) 5 97.28, p , .001; T 3 DS 3 CC, F(6,119) 5 20.11, p , .001]. As can be seen from Figure 3B , RTs increased markedly with increasing display size as the number of collinear continuations in the distractor configurations increased, with search rates (target absent [target present]) decreasing from 7 [6] through 15 [74] to 69 [177] msec/item with zero, one, and two continuations, respectively. Thus, the significant four-way AnoVA in the overall AnoVA is accounted for by the fact that this pattern of increasing interference, associated with an increasing number of collinear continuations in the distractor configurations, was manifest only for closed-form, but not for open-form, distractor types.
Error analysis. RTs on trials on which a response error was made tended to be longer overall than correct RTs, which argues against RT performance's being contaminated by speed-accuracy trade-offs (this was the case in all the subsequent experiments as well).
overall, erroneous responses were relatively rare (2.3% of all the trials; 2.8% misses, 1.7% false alarms). The arcsinetransformed error rates were examined by AnoVAs of the same design as those applied to the RT data. The overall AnoVA failed to reveal the four-way interaction to be significant. For the open-form distractors, the AnoVA revealed the target and display size main effects to be significant [T, F(1,7) 5 6.83, p , .05; DS, F(3,21) 5 5.66, p , .01]. Error rates increased with display size, and target misses (target-absent trials) were more frequent than false alarms (target-present trials), despite the fact, mentioned above, that no speed-accuracy trade-offs were evident.
Similarly, for the closed-form distractors, the AnoVA revealed target misses were more common than false alarms [T, F(1,7) 5 8.11, p , .05], with a significant rise in miss rates with increasing display size [T 3 DS, F(3,119) 5 5.77, p , .01]. Furthermore, the error ratesin particular, those for larger display sizes-were affected by the number of collinear continuations [CC, F(2,14) 5 14.05, p , .001; CC 3 DS, F(6,119) 5 4.09, p , .001]. Thus, in the closed-form condition, increasing the number of collinear continuations in the distractors produced increasing interference with search performance in terms not only of response speed, but also of response accuracy. This pattern is in contrast with performance in the openform condition, in which performance was unaffected by the number of collinear continuations in the distractors.
Discussion
Experiment 1 revealed that the efficiency of target detection was unaffected by the presence of open-form distractors in the display: Search was efficient (parallel) in all the conditions (across conditions, the search rates averaged 4.67 [11.33] msec/item), and the number of collinear continuations between junctions had no effect on performance. In contrast, closed-form distractors were revealed to significantly influence performance, with a systematic slowing of the search rates when the number of collinear continuations between corner junctions increased from zero through one to two. Each additional collinear continuation in distractors slowed the search time per item by 31.0 [85.5] msec, as compared with 1.5 [4.0] msec with open-form distractors. As a result, with one and two collinear continuations, the search rates (15 [74] and 69 [177] msec/item, respectively) were outside the range taken to be indicative of efficient search.
In summary, Experiment 1 revealed a search asymmetry between open-and closed-form distractors, so that only closed-form distractors interfere with target detection, with the degree of interference dependent on the number of collinear continuations. This pattern suggests that although closed-and open-form distractors share identical collinear boundaries, interference is observed only when distractors exhibit closure.
EXPERIMENT 2
Experiment 1 provided evidence that closure in distractor configurations reduces the efficiency of detecting a target figure defined by closure. In Experiment 2, this influence was examined further by reducing the size of the corner junctions, which was expected to reduce the potential effects of closure for both closed-and open-form distractors. This manipulation was premised on the finding that the strength of grouping between collinear elements varies in relation to the ratio of physically specified to total edge length (Shipley & Kellman, 1992) . Experiment 2 was, in almost all respects, identical to Experiment 1, except that corner junction elements were reduced in size by 50%, relative to those in Experiment 1, without altering the overall size of the configurations. As in Experiment 1, the efficiency of closed-form detection was compared for open-and closed-form stimulus configurations.
Method
At a viewing distance of 55 cm, the line segments making up a corner junction in target and distractor configurations were 0.5º in length, as compared with 1º in Experiment 1 (see Figure 2C for an example). Eight observers (3 of them male, mean age 5 24.6 years) with normal or corrected-to-normal vision participated in Experiment 2. All other methodological details were the same as those in Experiment 1.
Results
RT analysis. As in Experiment 1, trials on which a response error was made (4.1%) were removed from the data set prior to RT analysis. Figure 4 presents the mean correct RTs and the proportions of errors as a function of display size, separately for the open-and closed-form distractors (see figure columns A and B, respectively) and for the various collinear continuation conditions. As can be seen, with the reduced-size junction elements pre-sented in Experiment 2, search was less efficient overall, with slowed search rates in all the conditions, relative to those in Experiment 1. However, the detrimental effect of the reduced element specification was more marked with closed-form than with open-form distractors. The whole data set was initially examined by an AnoVA with the factors of distractor type, collinear continuations, target, and display size. This AnoVA revealed that all the main effects and all the two-and three-way interactions (except distractor type 3 target 3 collinear continuations) were significant; the four-way interaction was not significant. Given the various interactions involving distractor type-in particular, the theoretically interesting distractor type 3 display size 3 collinear continuation interaction [F(6,280) F(3,119 ) 5 13.74, p , .001]. In summary, error rates-in particular, miss rates-increased with both dis-play size and the number of collinear continuations (with roughly similar patterns for closed-and open-form conditions). Speed-accuracy trade-offs were not evident.
Discussion
Reducing the physical specification of the corner junction elements in Experiment 2 resulted in a pronounced decrease in search efficiency, with overall longer search RTs, lengthened search times per item, and higher error rates, in comparison with Experiment 1. However, although search performance was also affected in conditions with open-form distractors (which showed slowed search rates), the detrimental effect of the reduced element specification remained more marked with closed-form distractors. In particular, each additional continuation increased note, though, that the interference arising from closure cues appeared slightly less in Experiment 2 than in Experiment 1 (the increase in search time per item with each additional continuation was 53.25 msec in Experiment 2, as compared with 58.25 msec in Experiment 1). This pattern of interference effects suggests that, with the reduced figural "goodness" of the target in Experiment 2, the extent to which the observers were able to use closure cues to guide target detection was reduced, while, at the same time, search performance became more reliant on analyzing collinear continuation cues.
EXPERIMENT 3
Experiments 1 and 2 provided evidence that variations in the extent of closure in distractors influence the efficiency of target detection. Experiment 1 revealed a search asymmetry, with open-form distractors having only little influence on search efficiency, but with closed-form distractors giving rise to significant interference. When the extent to which closure cues could be used to guide search was reduced overall in Experiment 2, the asymmetrical interference between closed-and open-form distractors was lessened, although not completely abolished. Given this, Experiment 3 was designed to examine the effects of an increase in stimulus closure, in both open-and closedform distractor conditions. In both conditions, stimulus closure was increased by presenting each configuration with a set of four perpendicular lines that terminated adjacent to the unspecified continua between corner junction elements (see Figure 5 for examples), thereby reinforcing these (unspecified) continua.
Method
The stimulus displays were identical to those in Experiment 1, except that, to each configuration (whether target or distractor), four line segments (each subtending 0.5º of visual angle) were placed halfway and perpendicular to (i.e., with one end terminating on) the junction-junction continua (see Figure 5A ; see Figure 5B for an example display). Eight observers (3 of them male, mean age 5 25.7 years) with normal or corrected-to-normal visual acuity participated in the experiment. All other details were identical to those in Experiment 1.
Results
RT analysis. RTs on trials on which a response error was made (2.1%) were removed from the data set prior to RT analysis. Figure 6 presents the mean correct RTs and the proportions of error as a function of display size, separately for the open-and closed-form distractors (see figure columns A and B, respectively) and for the various collinear continuation conditions. As can be seen, with the enhanced specification of the junction-junction continua in Experiment 3 (providing closure cues), search was more efficient overall than in Experiment 2, although not quite as efficient as in Experiment 2 (i.e., search rates were comparatively slowed in almost all the conditions, except for the baseline). Importantly, however, relative to Experiment 1, the detrimental effect of the enhanced specification of the junction-junction continua was comparatively greater with open-form than with closed-form distractors.
A four-way AnoVA of the whole data set revealed that all the main effects and all the two-and three-way interactions (except distractor type 3 target 3 collinear continuations) were significant; the four-way interaction was not significant. Given the various interactions involving distractor type-in particular, the theoretically interesting distractor type 3 display size 3 collinear continuation interaction [F(6,280) 3.34, p , .01] were significant. In contrast to Experiment 1, the functions relating RT to display size were nonflat. However, the average search rates, of 33.67 and 78.0 msec/item for target-present and target-absent trials, respectively, were faster than those in Experiment 2 (66.67 and 141.33 msec/item, respectively). Furthermore, the search time per item increased with an increasing number of collinear continuations in distractors, with a differential increase on target-present and -absent trials: 27.5 versus 55.5 msec per collinear continuation (which compares with 5.5 and 15.0 msec in Experiment 2).
For the closed-form distractors, similarly, all the effects were revealed to be significant [T, F(1,7) 5 69.51, p , .001; DS, F(3,21) 5 99.17, p , .001; CC, F(2,14) 5 224.89, p , .001; T 3 DS, F(3,119) 5 100.72, p , .001; T 3 CC, F(2,119) 5 41.26, p , .001; DS 3 CC, F(6,119) 5 115.55, p , .001; T 3 DS 3 CC, F(6,119) 5 13.31, p , .001]. As in Experiments 1 and 2, an increase in the number of collinear continuations produced a very considerable increase in the search time per item (with a differential increase in target-present and -absent trials). However, this deterioration in search performance appeared more marked in Experiment 3 than in both Experiments 1 and 2, at least for the target-present trials: Each additional continuation lengthened the search time per item by 46.0 msec (Experiment 3), as compared with 39.5 and 31.0 msec (Experiments 2 and 1, respectively).
This pattern of increased interference effects in Experiment 3 suggests that the presentation of the perpendicular line segments resulted in stronger closure cues, with both open-and closed-form distractors.
Error analysis. Response errors were relatively rare overall (2.1% of all the trials; 2.9% misses, 1.2% false alarms). The arcsine-transformed error data were analyzed by means of AnoVAs identical to those applied to the RT data. For the open-form distractors, the AnoVA revealed T I.
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Figure 5. (A) Examples of the target (T) and distractor (D) configurations with additional perpendicular lines halfway between neighboring junction elements in Experiment 3. Distractors could contain zero, one, or two continua [D(0)-D(2)] between adjacent corner junctions that promoted either a closed-form (I) or a corresponding open form (II). (B) Example of a target-present display with
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. Mean reaction times (RTs, with associated SDs) and error rates in Experiment 3 as a function of display size (DS), separately for open-form (A, left column) and closed-form (B, right column) distractors with zero, one, and two collinear continuations (top, middle, and bottom graphs, respectively). Each graph shows the prototype target (T) and an example of a distractor (D) and plots RTs and error rates separately for target-absent (dotted line, white bars) and target-present (solid line, black bars) trials. In addition, the function for the best-fitting straight line is given for each search RT function, with the search rate and base RT estimates.
the increase being the more pronounced the greater the number of collinear continuations in the distractors. Thus, both RT data and error rates showed similar trends, arguing against speed-accuracy trade-offs.
Discussion
The addition of perpendicular lines that terminated adjacent to the unspecified continua between corner junctions had qualitatively similar effects on search performance with open-and closed-form distractors: In both conditions, the search time per item increased with each additional collinear continuation between corner junctions. In particular, there was a substantial increase even with the open-form distractors (27.5 [55.5] msec per collinear continuation), which was much larger than any effect in the previous experiments (5.5 [15] msec in Experiment 2). Yet this increase was still less marked than that observed with the closed-form distractors (46 [88] msec). overall, however, the search asymmetry between the open-and the closed-form distractor conditions, established in Experiment 1, was reduced in Experiment 3, arguably because the presence of the perpendicular lines afforded a greater degree of closure in the open-form, as well as the closedform, distractor condition. Thus, the reduced search asymmetry observed in Experiment 3 provides further evidence in support of the idea that search for closed target forms is influenced by the degree of closure exhibited by the distractors.
EXPERIMENT 4
Experiments 1-3 provided convergent evidence in support of the proposal that closure has a specific influence on the efficiency of search for collinear, closed target configurations. However, one confounding factor that may have influenced performance in these experiments is global configuration size. This point is best seen when comparing the stimulus configurations used in Experiment 1 (see Figure 2) . Here, the target configuration exhibited not only the largest degree of closure, but also the smallest global size-that is, the area encompassed within its four corner junctions. Furthermore, the distractor configurations that interfered least with target detection were generally those that covered a larger area, whereas the (closed-form) distractor configurations, which circumscribed a similar-size area for the target configuration, produced the greatest interference. Consequently, the performance differences observed in Experiment 1 might be better explained in terms of global size variations between the target and the distractor configurations, rather than in terms of variations in the degree of closure.
Although there are arguments against such a size-based account (typically, there is a search asymmetry, so that search is less efficient when the target is smaller than the distractors than when it is larger; see, e.g., Busch & Müller, 2004) , Experiment 4 was designed to examine this alternative account empirically. To do so, in Experiment 4, the size of the distractor configurations was systematically varied, whereas that of the target configuration was kept constant. Relative to the target, the pixels making up the distractors were, on average, more distant from the center of the configuration (target smaller than distractors), at the same average distance (equally large target and distractors), or less distant (target larger than distractors). (The assumption underlying this size manipulation was that global configuration size is computed on the basis of the output of spatiotopically organized detectors that determine the center of gravity of each corner junction; size is then derived by computing the area encompassed by four adjacent points of maximum activity.) only closed-form distractors were presented in Experiment 4, because these configurations account for the major variation in size and search RTs (see Figure 7A for example target and distractor configurations and Figure 7B for an example display in which the target and the distractors have equal sizes).
Method
Experiment 4 was identical to the closed-form condition in Experiment 1, except that size was systematically varied for the distrac-III. T I. tor configurations. Three size conditions were tested. In the first, the stimulus configurations were the same as those described in Experiment 1 (target smaller than distractors; see Figure 7A -I). In the second condition, the (average pixel) distance of the corner junctions from the center of each configuration was equal for the target and the distractors (target and distractors equally large; see Figure 7A -II). In the third condition, the target and distractor configurations matched in terms of their outline size (target larger than distractors; see Figure 7A -III). Figure 7B presents an example display for the equally large condition.
II.
nine observers (2 of them male, mean age 5 23.7 years) with normal or corrected-to-normal visual acuity participated in the experiment. The experiment consisted of three sessions, each present-ing one size condition, with session order counterbalanced across observers. In summary, the independent variables were size (S; smaller, equal, or larger target), target (T; present or absent), display size (DS; 1, 2, 4, or 8 configurations), and collinear continuations in distractor configurations (CC; 0, 1, or 2 continuations), with 40 trials per condition. All other details were identical to the procedure described in Experiment 1.
Results
RT analysis. RTs on trials on which a response error was made (3.5%) were removed from the data set prior to RT analysis. Figure 8 presents equally large as (B), and smaller than (C) the corresponding (closed-form) distractors with zero, one, and  two collinear continuations (top, middle, and bottom graphs, respectively) . Each graph shows the prototype target (T) and an example of a distractor (D) and plots RTs and error rates separately for target-absent (dotted line, white bars) and target-present (solid line, black bars) trials. In addition, the function for the best-fitting straight line is given for each search RT function, with the search rate and base RT estimates. and the proportions of errors as a function of display size, separately for the smaller-, equal-, and larger-target conditions (see figure columns A, B, and C, respectively) and the various collinear continuation conditions.
RT (msec)
The RT data were examined by a repeated measures AnoVA with the factors of size, target, display size, and collinear continuations. There were significant effects for target, display size, and collinear continuations [T , F(1,8) 5 65.41, p , .001; DS, F(3,24) 5 59.44, p ,  .001; CC, F(2,16) 5 89.45, p , .001; T 3 DS, F(3,504 ) 5 102.02, p , .001; T 3 CC, F(2,504) 5 78.99, p , .001; DS 3 CC, F(6,504) 5 148.16, p , .001; T 3 DS 3 CC, F(6,504) 5 26.86, p , .001]. However, importantly, there were no significant effects involving the factor of size (all Fs , 2.4). Thus, as in Experiments 1-3, an increase in the specification of closure in distractors gave rise to a slowing of the search rates (significant DS 3 CC and T 3 DS 3 CC interactions; see Figure 8 ). However, this slowing was not at all influenced by size, indicating that previously noncontrolled variations of the size of the target relative to the distractors is unlikely to account for the observed RT and search rate effects.
Error analysis. Response errors were relatively rare overall (3.5% of all the trials; 4.6% misses, 2.4% false alarms). The arcsine-transformed error data were analyzed by means of an AnoVA identical to that for the RT data. This analysis revealed significant main effects for target, display size, and collinear continuations [T, F(1,8) 5 22.26, p , .01; DS, F(3,24) 5 6.37, p , .01; CC, F(2,16) 5 12.74, p , .001]. In addition, target interacted with display size and with the number of collinear continuations [T 3 DS, F(3,504) 5 19.64, p , .001; T 3 CC, F(6,504) 5 6.49, p , .001]. Error rates-in particular, miss rates-increased as a function of display size and with an increase in the number of collinear continuations in distractors. However, as with the RT analysis, there were no significant effects resulting from the variation of size. Thus, both RT and error rate data showed similar trends, with no speed-accuracy trade-offs evident.
Discussion
Variations of size relations between target and distractor configurations did not change the overall pattern of performance, relative to Experiment 1. In particular, there was no evidence of the search asymmetry typically found with size-defined targets (e.g., Busch & Müller, 2004) : Search was not more efficient when the target was larger than the distractors as opposed to when it was smaller. This suggests that target detection was not based on the global size relations between the target and the distractor configurations. However, again, there was a substantial increase in search rates with closed-form distractors, which was independent of size variations (27 [71], 30 [79] , and 31.5 [73] msec per collinear continuation for smaller-, equal-, and largertarget conditions, respectively) and was comparable to the effect obtained in Experiment 1 (31 [85.5] msec).
In summary, increasing the specification of closure by means of additional collinear continuations resulted in an equivalent modulation of search performance, as in the previous experiments. However, extending the findings of Experiments 1-3, the results of Experiment 4 ruled out the possibility that this modulation is explicable in terms of (potentially confounding) size relations between the target and the distractor configurations.
EXPERIMENT 5
However, even if a size confound can be ruled out (Experiment 4), another explanation for the pattern of interference effects revealed with closed-form (as compared with open-form) distractors in Experiments 1-4 is in terms of the similarity of junction element orientations between the target and the distractor configurations. For example, according to the contrast model of Tversky (1977;  see also Edelman, 1998, and Duncan & , similarity theory of visual search), search efficiency varies as a function of the similarity between configurations that share distinctive features: Similarity is the greater, the greater the number of common features. Applied to the present results, variations in search efficiency might arise because closed-form distractors, which produce the largest interference with target detection, share a greater number of (inward-oriented) junctions with the target configuration, relative to open-form distractors, which produce the least, if any, interference. Thus, on this account, interference would arise merely as a result of feature overlap between target and distractor configurations; that is, there is no special role for grouping (the computation of interelement relations)-in particular, grouping by closure.
note that the results of the previous experiments rule out a simple similarity account, with similarity defined in terms of the match between target and distractor junction feature lists, without regard to junction orientation direction and/or junction location relative to a target description (template): on this account, the baseline distractor configurations should have produced the greatest interference, because there is a perfect match in the feature lists (all the junctions present in the target are also present in the distractors). Thus, the only account that would work is one in which similarity is computed on the basis of feature matches that take junction orientation and/or location with respect to the target template into consideration. That is, any viable measure of similarity is relational, in the sense that feature matches must be counted with respect to a superordinate target description. This does not mean, however, that the features are grouped in any sense (even though most current accounts would assume that templatebased, or top-down, biasing of target-defining features would promote feature-"object" grouping at lower levels of the system; see, e.g., Desimone & Duncan, 1995; Duncan & Humphreys, 1989) . That is, the critical assumption of the similarity account is that grouping based on collinearity and closure cues is not involved in determining search performance.
The open-form results of Experiments 2 and 3 are inconsistent with this assumption. In both experiments, there was an increase in the search time per item when the number of collinear continuations increased, even though the number of corner junctions that exhibited a mismatch with the target description was the same (namely, three), whether distractors contained one or two collinear continuations. This would argue in favor of, at least, collinearitybased grouping's playing a role. nevertheless, Experiment 5 was designed to test the similarity account further by evaluating the effect of closure independently of junction orientation matches (with reference to a target description). This was done by contrasting two search conditions, in both of which the target and the distractor configurations were maximally dissimilar. one condition was the same as the baseline condition in the previous experiments: The target was a closed square, and the distractors were nonclosed crosses (see Figure 7B ). In the other condition, the situation was reversed: The target was a nonclosed cross, and the distractors were closed squares (see Figure 7C ). The similarity-based account would predict no differences between these two conditions: Search should be equally efficient regardless of which configuration is assigned the role of the target and which that of the distractor. In contrast, if the system is biased to compute closure cues in parallel (but not cues to nonclosure), then, according to Treisman and Gormican (1988) , one could expect a search asymmetry, so that closed square targets are detected efficiently among nonclosed cross distractors, whereas nonclosed cross targets are detected relatively inefficiently among closed square distractors.
Method
Experiment 5 was basically identical to Experiment 1, except that only two possible configurations were employed, both serving either as the target or as distractors. In one condition, the observers were required to search for a collinear target square among nonsquare distractor configurations (see Figure 7B for an example display). In a second condition, the nonsquare configuration served as the target, and the square configuration as distractors (see Figure 7C for an example display). To rule out effects of size variations, target and distractor groupings were presented with junctions at equal (average pixel) distances from the center of a configuration (see Experiment 4, Figure 7A -II). Sixteen observers (4 of them male, mean age 5 27.5 years) with normal or corrected-to-normal visual acuity participated in the experiment. To rule out order effects of the target type (square or nonsquare), the observers were randomly assigned to one of two experimental groups, one searching for a square target (among nonsquare distractors) and the other searching for a nonsquare target (among square distractors). The experiment consisted of one session with four blocks of 80 trials each. In summary, the independent variables were target (T; present or absent), display size (DS; 1, 2, 4, or 8 configurations), and target type (TT; square or nonsquare), with 40 trials per experimental condition. All other details were identical to the procedure described for Experiment 1.
Results
RT analysis. RTs on trials on which a response error was made (3.3%) were removed prior to analysis. Figure 9 presents the mean correct RTs and the error rates as a function of display size for square (panel A) and nonsquare (panel B) target conditions. In a first analysis step, RTs in square and nonsquare target conditions were compared by means of a t test, which revealed a robust difference between the two conditions [t(14) 5 3.12, p , .01]: RTs were 137 msec shorter, on average, for square than for nonsquare targets.
next, RTs were compared in a mixed-design AnoVA, with the within-subjects factors of target and display size and the between-subjects factor of target type. This AnoVA revealed that the main effects of target and display size and their interaction were significant [T, F(1,14) 5 29.57, p , .001; DS, F(3,42) 5 23.11, p , .001; T 3 DS, F(3,42) 5 10.56, p , .001]. of greater theoretical importance, display size interacted significantly with target type, and the three-way interaction was borderline significant [DS 3 TT, F(1,14) 5 9.12, p , .001; T 3 DS 3 TT, F(3,42) 5 2.68, p 5 .059]. RTs were longer and the search rates increased when the nonsquare configuration served as the target, as compared with the square target condition. Thus, there is a clear performance asymmetry between targets defined as square and nonsquare configurations, with search for the latter being less efficient overall.
Error analysis. Response errors were relatively rare overall (3.3% of all the trials) and did not differ between square and nonsquare target conditions. An AnoVA of the arcsine-transformed error data revealed only a significant main effect for target [T, F(1,14) 5 5.59, p , .05], with 3.9% misses versus 2.7% false alarms.
Discussion
Experiment 5 was designed to evaluate whether the proposed effect of closure on search could be attributed to the similarity in terms of individual corner junction orientations shared by target and distractor configurations. The results revealed a clear effect of closure: The search rates were approximately four times slower for nonsquare targets among square distractors (23 [36] msec) than for square targets among nonsquare distractors (4 [9] msec), and performance in the latter case was similar to that in the baseline condition in Experiment 1 (3 [7] msec). An account based on the computation of element similarities between target and distractor configurations cannot easily explain this search asymmetry. Rather, the differential search efficiency between the two conditions is likely to result from grouping by means of closure, resulting in efficient detection of a square target (possessing closure) and inefficient detection of a nonsquare target (where the distractors, but not the target, possess closure).
GENERAl DISCuSSIoN
The results of Experiments 1-5 provide convergent evidence that search for a collinear target configuration is influenced by closure. In Experiment 1, we examined the effects of open-versus closed-form distractors on detection of a target composed of collinearly arranged corner junction elements. The results suggested that distractors interfere with target detection on the basis of closure (see Table 1 , columns 2 and 3). In Experiments 2 and 3, we investigated the effects of a reduction and an amplification, respectively, on the potential for closure. In Experiment 2, the length of the line segments making up the corner junctions in target and distractor configurations was reduced. This was meant to lead to a reduction of closure afforded by collinear line segments and, consequently, a reduction of closure-based interference. The results were as expected. Although search was overall less efficient in Experiment 2 than in Experiment 1, the performance differences between the closed-and the open-form distractor conditions were reduced, suggesting that the observers were less reliant on closure to guide target detection (see Table 1 , columns 4 and 5). In Experiment 3, the target and distractor configurations were presented with the addition of line segments positioned halfway between and terminating on the junction-junction continua, which were meant to enhance closure cues. This led to greater interference, as was expected. Recall that the interference was increased (relative to the previous experiments) not only with closed-, but also with open-form distractors (see Table 1 , columns 6 and 7), arguably due to the added closure cues provided by the perpendicular line tverminations.
Experiment 4 was designed to rule out the possibility that the effects attributed to closure simply arose due to systematic differences in global size between the target and the distractor configurations. However, the results of Experiment 4 (in which the global size of the distractor configurations was varied) mirrored those of Experiment 1, with, at most, minor contributions attributable to global size differences. Finally, Experiment 5 showed that similarities between the orientations of the corner junctions (with reference to a target description) alone cannot explain the interference effects revealed in the previous experiments. Search for a closed square target among nonclosed cross distractors was found to be efficient, whereas search for a nonclosed cross target among closed square distractors was comparatively inefficient. This indicates that the system is biased to group neighboring elements by means of closure, which influences search performance (it expedites search when the target is uniquely defined by closure, and it slows search when the distractors, but not the target, exhibit closure).
Thus, taken together, an account assuming closure-based grouping (which, in turn, assumes collinearity-based grouping) offers the most coherent and parsimonious explanation of the interference effects observed in the present study. Although contributions by global-size differences between target and distractor configurations and mere similarity in terms of junction orientations (with reference to a target description) cannot be ruled out, the latter are relatively minor and not entirely consistent with the effects observed.
The proposal of shape extraction on the basis of grouping by closure (as the best account of the present findings) is in close agreement with previous reports. Evidence from texture discrimination tasks (Elder & Zucker, 1993; Field et al., 1993; Kovács & Julesz, 1993) shows that closure of boundary contours may be exploited prior to textural analysis in order to segregate regions in 2-D space. In addition, evidence from visual search has been interpreted in terms of perceptual groups, rather than individual items, forming the basis of attentional selection (Duncan, 1984; Wang, Kristjansson, & nakayama, 2005) . In agreement with this possible role of perceptual organization for search, several reports have shown that shapes may be combined in parallel to aid target detection (e.g., Donnelly et al., 1991; Donnelly et al., 1998; Treisman & Paterson, 1984) . Complementary to these findings, the results presented here indicate that closure plays a primary role, guiding search for configural targets. The effects of closure described above also suggest that the processes that link individual elements into groups are relatively complex. Classical Gestalt-psychological approaches (e.g., Wertheimer, 1923) imply that closure operates as a binary property, with groupings either possessing or not possessing closure as a salient attribute. By contrast, the present findings argue in favor of closure's being a graded property of objects in visual search. In particular, the physical element specification, the number of collinear junction-junction continuations, and the inward orientation of the corner junctions influenced search performance, suggesting that the closure-based grouping of elements into more global configurations operates in a graded fashion, with a number of computational steps in element integration. Thus, closure may be taken to represent a property that is derived in a complex geometric extraction process. A consequence of this extraction of closure is an increase in sensitivity for the detection of forms that exhibit this property (Kovács & Julesz, 1993) or, in analogy to closure, objects that possess topological features, such as holes (Chen, 1982 (Chen, , 2005 ; see also Pomerantz, 2003) .
Consequently, closure may be regarded as a graded property of groupings, enhancing the saliency of a given configuration. A corresponding selection process on the basis of closure could be implemented in the visual system in terms of feedback connections between different levels of cortical organization. In this framework, closure would be detected at a relatively high level of processing, with recurrent connections supporting the extraction of grouping operations between neighboring junctions at lower levels only subsequently (Hochstein & Ahissar, 2002; Roelfsma, Lamme, Spekreijse, & Bosch, 2002 ; see also Di Lollo, Enns, & Rensink, 2000) .
Possible mechanisms for bringing about element integration may employ principles of interpolation (Kellman & Shipley, 1991) and extrapolation (Shipley & Kellman, 2003) . According to object interpolation approaches, early stages in visual processing establish links between orientation-selective units via lateral interactions to group neighboring elements in the field (e.g., Grossberg, Mingolla, & Ross, 1997) . As a result of this interpolation process, contours are formed in regions without physical correspondence. Form integration may, in addition, be based on extrapolation, which constitutes a weaker form of boundary integration. Extrapolated contours do not, by themselves, generate contours between physical elements but can strengthen the percept of a given configuration toward one possible interpretation. To explain the present results, inter-and extrapolation could represent possible mechanisms that link the individual fragments into groups. If a closed form results from interpolation-and extrapolation-based integration processes, its saliency for search is enhanced. Consequently, closure would provide valuable additional information that the visual system can exploit in order to achieve efficient target detection.
Computational models of shape extraction support the evidence presented in the present study. In particular, the special role of closed forms in search may be explained in terms of the concept of salient regions (Stanley & Rubin, 2003) . Salient regions can form basic image descriptors generated to rapidly guide selective visual processing to candidate target configurations (in extension of featurebased salience in search; see Itti & Koch, 2003 , for a review). Within this framework, closure may be regarded as one specific property aiding region segregation, in order to mark particular regions, or groupings, for prioritized attentional processing.
